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Abstract 
The concept of solar hybridised coal-to-liquids is to produce transportation liquid fuels from the syngas obtained from 
gasification of carbonaceous feedstocks with the integration of concentrated solar thermal power (CSP). In the present study, a 
techno-economic evaluation of a coal-to-liquids processes integrated with a solar hybridised, oxygen blown, atmospheric 
pressure vortex-flow gasifier (SCTL) is compared with that of a reference, non-solar, pressurised entrained flow gasifier (CTL) 
based on the solar and coal resources in Australia. In comparison with conventional gasification systems, the proposed SCTL 
system reduces the input feedstock by 18% while maintaining the Fischer-Tropsch (FT) liquids output. Furthermore, with the 
addition of CSP to the CTL plant, a reduction in mine-to-tank (MTT) CO2 emissions by 26% can be achieved. This is due to the 
fact that the heat required to meet the endothermic gasification reactions is supplied by CSP when the sun is available, thus more 
coal was converted to syngas subsequently higher FT liquids. To produce 1500 barrel per day of FT liquids, the total permanent 
investment cost for the SCTL plant was estimated to be around $467-$493 million, depending on the solar site and the coal 
compared with the CTL plant of around $377-$384 million if the plant was to be built in year 2020. The levelised cost of fuel 
(LCOF) for the CTL plants was found to be around $40-$41/GJLHV and $46-$49/GJLHV for the SCTL plants. The LCOF for the 
plants is very sensitive to the total permanent investment cost, load factor and cost of carbon capture and sequestration. 
Furthermore, the LCOF for the SCTL plant is also very sensitive to the cost of the syngas storage. 
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1. Introduction 
Solar gasification is a process utilising solar energy to drive highly endothermic gasification reactions for the 
conversion of solid carbonaceous feedstocks to syngas, a mixture of hydrogen and carbon monoxide. Presently, 
there are several types of solar gasifier reactors have been proposed in the literature such as, packed bed, vortex flow 
and fluidised bed [1]. Some of the solar gasifier reactors have also been demonstrated at small scale and still in an 
early stage of commercial development. The syngas produced from a solar gasifier reactor can then be converted to 
high value transportation liquid fuels via the established Fischer-Tropsch (FT) synthesis process. However, the FT 
process requires a stringent syngas composition and steady-steady operation. Therefore, extensive number of gas 
cleaning and upgrading of syngas systems is required prior to the FT reactor. To date, the output from the current 
solar gasifier reactors is variable due to the intermittent nature of solar input. To overcome this issue, a solar 
hybridised, oxygen blown, atmospheric pressure vortex-flow gasifier is proposed with the aim of maintaining steady 
operation of the FT liquids poly-generation plant instead of the autothermal entrained flow gasifier. The proposed 
hybrid solar hybridised coal-to-liquids (SCTL) plant, as shown in Fig. 1, uses concentrated solar radiation when it is 
available, while autothermal gasification, which involves the partial combustion of some of the coal with pure O2 to 
drive the gasification reactions, is used when the incoming solar insolation is insufficient. Thus, the intermittency of 
the solar resource as well as the significant difference in the flow rates and syngas compositions are dealt with 
through the use of intermediate storage of syngas.  
 
 
Fig. 1. Basic process schemes for the proposed CTL and SCTL integrated with FT liquids poly-generation plant 
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Geographically, Australia has extensive solar resource as well as comparatively cheap coal feedstocks due to 
large reserves of coal. In addition, liquid fuels, typically, have a higher value than the average price of electricity. 
Therefore, there is potentially a strong economic justification for the use of coal with concentrated solar energy to 
produce liquid fuels. Previously, a technical feasibility study of CTL and SCTL plants (shown in Fig.1) located in 
the US was performed by Kaniyal et al. [2]. However, no such techno-economic assessment is available for the 
location in Australia. The solar insolation and coal feedstock have a significant impact on the performance SCTL 
plant due to the variation of solar insolation from one location and the compositions of the coal. To meet this gap, a 
technical analysis has been undertaken for two locations in Australia, with consideration of the local coal resource 
and solar insolation, prior to the economic evaluation. This paper presents a comparative techno-economic 
assessment of each CTL and SCTL plant for two locations in Australia, each with their respective coal and solar 
insolation. Relative sensitivities of major plant inputs for the CTL and SCTL plants were also performed to assess 
the production cost of FT liquids.  
2. Methodology 
2.1. System analysis 
Details of the process modeling for both CTL and SCTL plants in the present study can be found elsewhere [2]. 
However, a short discussion on the system analysis is described here. Commercially-available modelling tool, 
Aspen Plus, was used to model the CTL and SCTL processes in order to understand the technical feasibility using 
two types of coal, Wintinna coal from Arckaringa Basin, South Australia and Irwin River coal from Geraldton, 
Western Australia, as the feedstock. The proximate and ultimate analysis of the coals is shown in Table 1.  
A pseudo-dynamic model is required for the SCTL plant due to the diurnal of the solar insolation and it is 
dependent on the location, which will influence the throughput of the syngas generated from the solar gasifier. The 
solar insolation in Woomera, South Australia (for the Wintinna coal) and Geraldton, Western Australia (for the 
Irwin River coal) was selected and the hourly averaged solar insolation time-series chosen was from the period of 1st 
April 2012 to 31st March 2013. The solar insolation at Woomera was selected to represent the solar insolation at 
Arckaringa Basin because the Woomera station has the two-minute solar insolation data whereas only daily solar 
insolation data is available at the Arckaringa Basin station. The difference between the two sites based on the 
average daily solar insolation over the period of 2012 to 2013 was less than 6%.   
The dynamic operation of the SCTL plant was modeled using Matlab that assumed a steady-state operating in 
each time-step of the SCTL plant using Aspen Plus. The model was based on a linear interpolation of the simulation 
results from five different percentages of solar insolation at 0, 25, 50, 75 and 100%. With the use of simulation 
results from the SCTL process model incorporated with the calculated solar insolation in time-series, the throughput 
of the hourly syngas flow rate can be determined by the linear interpolation. All the SCTL unit operations, as shown 
in Fig.1 were assumed to be operable with variable input feed rates, except for coal feeding system in which 
assumed to be operated at a constant load. Based on the analysis, a syngas storage of 5.33 hrs was required for the 
site at Woomera and 3.75 hrs for the site at Geraldton to allow the variation in throughput of each unit operation to 
be maintained within normal operational ranges. 
The raw syngas after the gasifier was directed to a syngas cleaning system, where the fine particles including 
heavy metals were captured. Then, the ratio of H2/CO of the raw syngas was upgraded to 2.26 via a sour water-gas 
shift reactor. The H2S and CO2 in the upgraded syngas were removed in an acid gas removal (AGR). The 
concentrated stream of CO2 from the AGR was then compressed to 120 bar prior to the carbon capture and 
sequestration (CCS) process. On the other hand, pure sulphur was recovered from the H2S stream via a sulphur 
recovery unit (SRU). After that the cleaned syngas was transported to micro-channel FT reactors where long chain 
hydrocarbons were produced. The FT products were upgraded into final two products, diesel and gasoline. The 
energy content in the tail gas was recovered in a gas turbine (GT) while the heat generated from the FT reactions as 
well the heat from the GT were recovered in a steam turbine (ST) and a heat recovery steam generator (HRSG) unit. 
Electricity was generated from both the GT and ST and some of the electricity was consumed by the parasitic 
system within the plant and the rest was exported to the grid to recover some of the operating costs. 
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Table 1. Proximate and ultimate analysis of Wintinna and Irwin River coals used in the present study. 
Proximate (wt %) Wintinna Irwin river  
Fixed carbon 52.2 46.0 
Volatile matter  36.4 33.1 
Ash 9.5 18.9 
Moisture 2.0 2.0 
LHV (MJ/kg) 27.2 22.2 
Ultimate (wt %)   
C 68.3 57.8 
H 4.3 3.6 
N 1.7 1.5 
O 12.6 15.2 
S 1.6 1.1 
Cl 0.1 0.0 
 
Table 2 presents the inputs to and outputs from all the CTL and SCTL plants, where the “-A” and “-G” signify 
that these data are calculated at the Arckaringa Basin and Geraldton, respectively. As expected, the addition of CSP 
to the SCTL plants required a lower input of feedstock (by 18%) and of O2 (by 23%) to achieve the same amount of 
FT liquids product at 1500 bbl/day as the CTL plants. This is due to less autothermal gasification is required with 
the concentrated solar energy to drive the endothermic reactions. Less fuel was required for the plant at Arckaringa 
Basin than that at Geraldton due to the higher carbon and lower ash contents found in the Wintanna coal than that of 
the Irwin River coal. The mine-to-tank (MTT) CO2 emission per unit output of FT liquids and power from the 
SCTL-A plant was 14% lower than that from the CTL-A plant and 17% for the site located at Geraldton. This is due 
to the better solar insolation at Geraldton than that at Arckaringa Basin. As a result, a syngas storage of 5.33 hrs for 
the SCTL-A plant, which is 30% longer than that of the SCTL-G plant (3.75 hrs), was required to allow the 
variation in throughput of each unit operation to be maintained within normal operational ranges. 
Table 2. The inputs to and outputs from the system analysis for both CTL and SCTL plants, as calculated with the pseudo-dynamic model with a 
year of historical, time varying solar resource data 
Parameter Unit  CTL-A SCTL-A CTL-G SCTL-G 
Coal feeding rate 
Coal thermal input 
O2 (95% purity) consumption 
Syngas storage (at 300 kmol/hr) 
kg/s  
MWth 
tonne output/day 
hrs 
7.3 
199 
960 
- 
6.0 
165 
743 
5.33 
8.7 
192 
887 
- 
7.2 
160 
694 
3.75 
Electricity, generated (avg) MWe 28 28 28 28 
Electricity, exported (avg) MWe 19 15 20 15 
FTL (avg) 
-Diesel 
-Gasoline 
MWHHV 
bbl/day 
bbl/day 
88 
1009 
491 
88 
1010 
491 
88 
1009 
491 
88 
1010 
491 
Mine-to-tank CO2 emission kg CO2-e/GJ (QFTL+Wnet) 108 86 108 89 
2.1.1. Capital cost 
 
Firstly, the capital cost of each plant is required and it is dependent on its scale. Equation 1 was used to calculate 
the capital cost of the desired scale from a known scale and cost, except for the syngas storage and the solar 
components (which are based on linear scale): 
࡯૚ = ࡯૙. ቀࡿ૚ࡿ૙ቁ
ࡾ
  (1) 
where, C0 and C1 are the cost at the known scale and desired scale, respectively;  S0 and S1 are the known scale and 
desired scale, respectively; R is the power scaling factor. Table 3 presents the base cost of each component proposed 
in the CTL and SCTL plants. An installation factor, which consists of direct (instrumentation and control, buildings, 
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grid connection, site preparation, civil works, electronics and piping) and indirect (engineering, building interest, 
contingency, fees, overhead, profits and start-up) costs, is added to the desired capital cost of each component [3]. 
The capital cost and LCOF of each plant are reported in AUD 2014 using the reference year in 2020. The costs for 
2014 have been negatively escalated to 2020 using a factor of 1.5% per year for emerging technologies (solar/fuel 
synthesis) and 1% per year for established technologies (power generation), as in the Australian Liquid Fuels 
Technology Assessment (ALFTA) study. Note that the costing for the solar vortex reactor is currently assumed to be 
similar to that of an entrained flow gasifier. 
Table 3. Capital cost of each system component proposed in the CTL and SCTL plants. 
Component Base cost, C0 
(AUD M2014) 
Base scale, S0  Scaling 
factor 
Scale unit Direct cost (%) Indirect 
cost (%) 
Reference 
Solids handling 
system 
173 214 0.65 Tonne (as 
received)/hr 
10 24 [3] 
Air separation 
unit (95% O2) 
158 4070 0.80 Tonne 
(output)/hr 
10 11 [3] 
Entrained flow/ 
Vortex reactor 
gasifier 
217 1618 0.66 MWHHV, coal 10 20 [3] 
Gas cleaning 13 778 0.65 Tonne 
(syngas)/hr 
174 232 [3] 
Acid gas removal 122 453 0.67 Tonne (CO2)/hr 10 46 [3] 
Sulphur recovery 
unit 
10 129 0.67 Tonne (S)/hr 149 79 [3] 
CO2 compression 30 453 0.67 Tonne (CO2)/hr 10 22 [3] 
FT system 86 610 0.7 MWHHV, FT 10 61 [3] 
Gas turbine 13 27 0.75 MWE net 10 27 [3] 
Steam turbine 14 54 0.67 MWE net 10 27 [3] 
Heat recovery 
heat generator 
6 156 1 MWTH 10 27 [3] 
Syngas 
compression 
4 10 1 MWE 16 32 [4] 
Syngas storage  $1453/kg of 
syngas 
  33 50 [5] 
Utilities & 
Offsites 
 10% of sum of 
the total non-
solar plant cost 
  142 72 [3] 
Solar field & 
receiver 
       
-Site 
improvement 
 $15/m2   10 17.6  
-Heliostat field  $200/m2   10 17.6  
-Tower  $100/kWth   10 17.6  
2.1.2. Levelised cost of fuel (LCOF) 
 
Once the capital cost was calculated, the LCOF was used for comparing the costs of CTL and SCTL plants over 
their economic life. The LCOF, as shown in Equation (2), is equivalent to that used in the ALFTA and it represents 
the breakeven price for the fuel to be sold at, taking into account the costs incurred over the life of the plant as 
shown in Table 4. Please note that the LCOF does not include profit or taxes. A sensitivity analysis was then 
performed and the parameters are shown in Table 5. Additional parameters were included to assess the sensitivity 
analysis for the SCTL plant. 
 
ܮܥܱܨ =  σ (ூ೟ା ெ೟ା ி೟ି ௌ೟) (ଵା௥)೟Τ೙೟సభ
σ (ா೟) (ଵା௥)೟Τ೙೟సభ
   (2) 
 
where LCOF is the levelised generation cost of fuel in $/GJLHV, It is the investment expenditure or capital cost, Mt is 
the operations and maintenance cost and Ft is the feedstock cost and St is the annual sale price of electricity, if 
produced from the process, all in AUD in year t. Et is the production of energy, including electricity for sale (GJ) in 
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year t. Note that the energy produced but consumed within the process is not included. r is the discount rate and n is 
the amortization period. Here, r is assumed to be 12.1% for both CTL and SCTL as they are considered as emerging 
technologies. n is assumed to be an economic life of 20 years plus 3 years of construction period. Interest during 
construction is paid using this approach, as investment occurs in capital before the plant produces any fuel. 
Table 4. Economic assumptions for the CTL and SCTL plants 
Parameter Unit  
Plant size 
Construction period 
Plant life 
1500 bbl/day FT liquids 
3 years 
20 years 
Load factor 85% 
Capital recovery factor 12.1% 
Operations and maintenance, 
including insurance (O&M) 
5.3% of TDC 
 
Coal $2/GJ 
Cost of CCS $40/tonne of CO2 
CO2 credit $0/tonne of CO2 
Electricity price $40/MWh 
Table 5. Parameters used in the sensitivity analysis for the LCOF to CTL and SCTL plants. 
Parameter Unit  Base Range 
Total capital cost % 100 75%-125% 
Load factor 
Syngas storage (only for SCTL) 
% 
% 
85 
100 
80%-90% 
50%-150% 
Solar components (only for SCTL) % 100 75%-125% 
Coal $/GJ 2 1.0-3.0 
Cost of CCS $/tonne of CO2 40 15-80 
CO2 credit $/tonne of CO2 0 0-100 
Amortization period Year 20  20-30 
3. Results and discussion 
Figures 2a and 2b show the breakdown cost in relative capital cost of the various components within the 
proposed CTL-A and SCTL-A plants at Arckaringa Basin, respectively. The total capital cost (TCC) for a CTL-A 
plant to produce 1500 bbl/day of FT liquids was calculated to be $377M and $493M (AUD 2014) for the SCTL-A, 
based on commissioning in Year 2020. For the CTL-A plant, the most capital intensive system was the entrained 
flow gasifier (18% of the TCC) due to the highly complex pressurised gasification system. The next most capital 
intensive system was found to be the ASU (16% of TCC) then the solids handling system (15% of TCC). On the 
other hand, the most capital intensive system in the SCTL-A plant was the syngas storage system (20% of TCC) 
followed by the vortex flow reactor, VR (13% of TCC) and solar components (11% of TCC).  
Figures 3a and 3b show the breakdown cost in relative capital cost of the various components within the 
proposed CTL-G and SCTL-G plants at Geraldton, respectively. The total capital cost (TCC) for a CTL-G plant to 
produce 1500bbl/day of FT liquids was calculated to be $384M and $467M (AUD 2014) for the SCTL-G, based on 
construction in Year 2020. For the CTL-G plant, as expected, the most capital intensive system was the entrained 
flow (EF) gasifier (18% of the TCC) followed by the solids handling system (17% of TCC) and the ASU (16% of 
TCC). Interestingly, on the other hand, the most capital intensive unit in the SCTL-G plant was the syngas storage 
(15% of TCC) followed by the solar components (13% of TCC) and the VR (13% of TCC). 
The capital cost for the solids handling system in the SCTL plants was found to be lower than that of the CTL 
plants because the operating condition of the VR is at atmospheric pressure. As such, it does not require a 
pressurised solids injection system operated at 40 bar above atmospheric pressure as is required by the ER gasifier in 
the CTL plants. The capital cost for the ASU in the SCTL plants was also estimated to be lower than that of the CTL 
plants because the O2 stream from the ASU does not required any further compression. Furthermore, the O2 
requirement for the VR is less than the conventional ER gasifier because the concentrated solar energy is used to 
drive the endothermic reactions when the sun is available rather than relying purely on the autothermal gasification, 
as occurs in the EF gasifier. 
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Fig. 2. The breakdown in relative capital cost (in year 2020) of the various components within the proposed (a) CTL-A and (b) SCTL-A plants at 
Arckaringa Basin, South Australia. 
 
Fig. 3. The breakdown in relative capital cost (in year 2020) of the various components within the proposed (a) CTL-G and (b) SCTL-G plants at 
Geraldton, Western Australia. 
Figure 4 shows the breakdown of the LCOF for both the CTL and SCTL plants at Arckaringa Basin (-A) and 
Geraldton (-G). The LCOF for the CTL-A plant was calculated to be around $40.2/GJLHV and $40.9/GJLHV for the 
CTL-G. On the other hand, the LCOF for the SCTL-A plant was calculated to be around $48.6/GJLHV and 
$46.2/GJLHV for the SCTL-G. The overall LCOF for the CTL-A was calculated to be 2% lower than that of the CTL-
G plant and this was mainly due to less fuel being required for the CTL-A plant as the higher carbon and lower ash 
contents of the Wintanna coal than of the Irwin river coal. The LCOF for the SCTL-A plant at was found to be 21% 
higher than that of the CTL-A plant. The addition of CSP to the SCTL plants reduced the input fuel cost, by 18% 
and the cost of CCS by 30%. The SCTL plants decreased the partial combustion of some of the coal (autothermal) 
as the concentrated solar energy was used to drive the endothermic reactions, thus more coal was converted to 
syngas subsequently higher FT liquids. Therefore, less input fuel is required to produce the same amount of FT 
liquids for the SCTL than the CTL plants. Similarly, less CO2 was estimated to be emitted from the SCTL plants 
than the CTL plants. Although the LCOF for the CTL-A plant was lower than the CTL-G plant by 2%, the LCOF 
for the SCTL-A plant was 5% higher than the SCTL-G plant. This mainly due to the high cost of syngas storage for 
the SCTL-A plant by 29%. Hence, the lower cost of the input fuel and the solar components for the SCTL- plant did 
not offset the cost of the storage. 
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Fig. 4. The breakdown of the components in the LCOF (in year 2020) for both the CTL and SCTL plants at Arckaringa Basin (-A) and Geraldton 
(-G). 
Figures 4 and 5 show the sensitivity analysis of LCOF for the CTL and SCTL plants at Arckaringa Basin and 
Geraldton, respectively. The results show that the LCOF for both CTL and SCTL plants are very sensitive to the 
total permanent investment (TPI) cost, load factor and cost of carbon capture and sequestration. Note that the 
difference between TPI and TCC is that TPI includes survey and land purchase fees as well as working capital in 
addition to TCC. Furthermore, the LCOF for the SCTL plant is also very sensitive to the cost of syngas. From the 
sensitivity analysis, at present, it is unlikely that the LCOF for the SCTL plants to be competitive with that of the 
CTL plants unless the SCTL can be operated without the need of the syngas storage. Also, if a valuable feedstock, 
such as biomass (typically cost above $8/GJ), is used then the LCOF for the SCTL plants could match that of the 
CTL plants as the input feeding for the SCTL plants was found to be 18% lower than that of the CTL plants. 
 
 
Fig. 4. Sensitivity analysis of LCOF for (a) CTL and (b) SCTL plants at Arckaringa Basin. 
 
Fig. 5. Sensitivity analysis of LCOF for (a) CTL and (b) SCTL plants at Geraldton. 
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4. Summary 
The solar hybridsed coal-to-liquids (SCTL) plants were found to improve the productivity of Fischer-Tropsch 
liquids by lowering the input feeding rate by 18% as well as lowering the MTT CO2 emission by 26% compared 
with the conventional coal-to-liquids (CTL) plants. However, the additional components, the syngas storage and 
solar components, in to the SCTL plants were found to increase the capital cost for the conventional CTL plants by 
at least 13%. The LCOF of a SCTL plant could be competitive with that of a CTL plant by removing the syngas 
storage or with the use of biomass as the feedstock, which typically 4 to 5 times of the cost of black coals.  
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